Introduction {#sec1-1}
============

Xenograft bone plate-screw (XBPS) systems are clinically effective devices in spinal surgery.\[[@ref1]\] They provide osteoinduction, osteogenesis, and fusion formation between the spinal segments, if compare to long time results of the metal instruments.\[[@ref2][@ref3]\] Application of these instruments needs some requirements including nonantigenic, resterilizable, noncontaminated, and resistant to excessive loadings.\[[@ref4][@ref5]\]

Biomechanical stability between the spinal segments may not be estimated as *in vivo*.\[[@ref2][@ref6]\] In addition, clinical and radiological examinations have no competence to proclaim the stability between spinal segments. Therefore, *in vitro* or experimental biomechanical studies have to be performed in spinal surgery.\[[@ref4][@ref7][@ref8][@ref9]\] We previously reported the *in vitro* biomechanical contribution of XBPS system in lumbar transpedicular stabilization (TS) of the dogs.\[[@ref10]\] Here, it was aimed to demonstrate biomechanical and histopathological contribution of XBPS system in TS of the dogs.

Materials and Methods {#sec1-2}
=====================

This study was designed after permission of the local ethical committee of Uludag University. Fifteen (*n* = 15) healthy adult, hybrid, same size (about 20 kg weight) and ten (*n* = 10) L~2-4~ cadaveric lumbar dog specimens (nonpathologic) were studied in experimental and control groups (CGs), respectively. The dogs were separated into three groups: L~3~ laminectomy and bilateral facetectomy (LBF) (experimental group I \[EG I\], *n* = 5), LBF plus TS with metal plate-screw (MPS) (EG II, *n* = 5), and LBF plus TS with XBPS (experimental group III, *n* = 5). L~2-4~ cadaveric lumbar dog specimens (*n* = 10) were harvested, and their muscles were dissected, but discs and ligaments and the other tissues were kept intact from the dissection. Cadaveric specimens were separated into two groups L~2-4~ intact (CG I, *n* = 5) and LBF (CG II, *n* = 5). Specimens in CG I and CG II were tested following the preparations.

The XBPSs were machined (Yunan Machine Tool Works, China) from cadaveric cattle tibia and sized as in the previous study.\[[@ref10]\] Metal screws and plates had same size as in XBPS \[[Figure 1](#F1){ref-type="fig"}\]. Sterilization of the all equipment was made in autoclave, but XBPSs were boiled in 3% acide borique solution at 15 min for sterilization as described previously.\[[@ref4]\]

![The metal (a) and xenograft bone (b) plate and screw instruments applied transpediculary to vertebral segments in the dogs](AJNS-12-494-g001){#F1}

In EGs, general anesthesia was maintained with 2% isoflurane after xylazine HCl (1 mg/kg, intramolecular) and thiopental Na (15 mg/kg, intravenous \[iv.\] bolus) inductions. Cefazolin Na (20 mg/kg, iv.) and carprofen (5 mg/kg, subcutaneous) were administered as antibiotic and analgesic agents, respectively. The same surgical team carried out all operations. The dogs were placed in dorsal recumbency, and surgery was performed on the dorsal lumbar mid-line between L~1~ and L~5~. After paravertebral muscles dissection and retraction, LBF was performed with the routine technique \[[Figure 2](#F2){ref-type="fig"}\]. L~2~ and L~4~ facet surfaces were flattened, and holes were dorsoventrally drilled on the facet surfaces through pedicles to corpus vertebrae. Plates were placed on this surface and screwed through the pedicle. Xenograft and metal screws were firmly tightened with screwdriver. L~2-4~ lumbar segments were stabilized transpediculary with XBPSs or MPSs \[[Figure 2](#F2){ref-type="fig"}\]. The surgical area was bandaged, and the dogs were restricted to prevent the abnormal lumbar movements.

![These per-operative views show the L~3~ laminectomy and bilateral facetectomy in experimental group I (a), transpedicular stabilization with metal plate-screw (b) and xenograft bone plate-screw (c) of the L~2-4~ lumbar segments in experimental group II and experimental group III, respectively](AJNS-12-494-g002){#F2}

Postoperative care was maintained for 3 months of period complying with the rules of the National Society of Medical Research Principles of Laboratory Animal Care. Postoperatively, the dogs were relieved with carprofen, and cefazolin Na was administered as an antibiotic agent. Methylprednisolone sodium succinate (4 mg/kg, iv.) administration was continued 3 days postoperatively. Hematologic parameters of the dogs were controlled routinely, and dogs were closely monitored. Operation site was checked with dorsoventral and lateral radiograms during 3 months \[[Figure 3](#F3){ref-type="fig"}\].

![The comparative radiographs taken following surgery (a-c) and at the end of 3^rd^ months (a'-c') show the osteophytic areas (right arrows) in experimental group II and resorption of the transpediculary applied xenograft bone screws (left arrows) in experimental group III](AJNS-12-494-g003){#F3}

At the end of 3^rd^ month, the dogs were euthanized with high-dose thiopental Na. L~2-4~ spinal segments of the dogs were *en bloc* removed and then tested biomechanically.

A universal testing machine (Hounsfield^®^, UK) was used for biomechanical tests as reported in the previous study.\[[@ref10]\] Six different types of loads were applied to specimens sequentially in the following order: Flexion, extension, left-right bending, rotation, and compression. To execute these motions, couple moments were applied on the specimens about different axes with the aim of a moment arm. This arm facilitated the translation of vertical movement of testing machine to couple moment. The variation in the motions was achieved by changing the orientation of the specimen for each different test. All loadings except compression were applied nondestructively. However, compression test was performed until the specimen fails. Therefore, compression test was carried out as the last test of the sequence.

Data were collected in the same manner as in the previous study.\[[@ref10]\] The load was applied monotonically, and the magnitude of loading is recorded for each 1 mm displacements. The test was interrupted at 16 mm displacement. The recorded loading values were converted to the couple moment using the following relation:

M = F × L (N mm)

Where F was the applied loading by testing machine and L was the length of the moment arm. Displacement values could be converted to the rotation angle using the relation:

Α = v/L (rad)

v here was the displacement value in mm and α was in radians.

Compression test did not require any of the conversion formulas mentioned above. Instead, loading values were recorded in 1 mm intervals up to the failure point of specimen.

To quantify the sustainability of specimens, stiffness of the specimens were calculated using following formula:

k~i~ = M/α =F~i~L^2π^/180 v~i~ (Nmm/°)

Where k~i~ was the stiffness value, where F~i~ was the loading value (v~i~ = 1, 2, 3, 16 mm). An average value of this stiffness needed to be determined to facilitate the comparison between groups, which could be defined as

K = 1/16 Σk~i~.

K here represented the resistance of the specimens to the flexion, extension, left-right bending, and rotation. In the range of the test, there was almost a linear relation between moment and angle. Therefore, slope of the linear curve fit of moment -- angle plot yielded a very close stiffness value to the average value. Therefore, both average and slope of linear curve fit could be used interchangeably as the stiffness value.

Following the calculation of the average stiffness value of specimens for each motion type, an analysis was performed to check if test groups create a meaningful classification or not. For this purpose, Euclidean distances method was applied to the right bending data using statistical software (Statistica'99; StatSoft, USA). For simplicity in the analysis, specimens were numbered from C_1 to C_25. Each five specimens belongs to a test group such as CG I (C_1, C_2, C_3, C_4, C_5), CG II (C_6, C_7, C_8, C_9, C_10), EG I (C_11, C_12, C_13, C_14, C_15), EG II (C_16, C_17, C_18, C_19, C_20), and EG III (C_21, C_22, C_23, C_24, C_25).

As mentioned above, compression test was evaluated in different units, and stiffness value was calculated as

k~i~ = F~i~/v~i~ (N/mm).

This stiffness represented the resistance of specimen to the compressive load. Similar to the other groups an average stiffness value was calculated for each specimen. Different than other tests, this test was performed up to failure displacement. Therefore, for each sample, a different breakage displacement was observed, and number of data points had variety for each sample.

The differences between groups were evaluated statistically using k~i~ values and assessed if the differences were meaningful or not. For this purpose, one-tailed hypothesis test with 95% confidence interval was performed using Analyse-it Software, Microsoft®, USA, which works compatible with Microsoft Excel.

After biomechanical tests, L~2-4~ spinal segments of the dogs were fixed in 10% neutral-buffered formalin solutions. Segments were kept in a solution containing 4% formic acid and 4% sulfuric acid for decalcification during 10 days. After decalcification, segments were cut axially and sagittaly at 5 μm in thickness, and then slides were stained with hematoxylin and eosin for microscopic examination.

Results {#sec1-3}
=======

At the end of 3^rd^ month, radiopacity on the facetectomy and laminectomy surface possibly related to fusion was determined in all experiment groups \[[Figure 3](#F3){ref-type="fig"}\]. In addition, resorption of the xenograft bone screws was detected in the pedicle and vertebral corpus \[[Figure 3](#F3){ref-type="fig"}\].

To check the grouping of the specimens, the Euclidean distances between specimens for right bending data are shown in [Figure 4](#F4){ref-type="fig"}. This figure provided the possible grouping based on the differences between stiffness of samples. Considering the first five specimens, which belong to CG I; four samples (C_2, C_3, C_4, and C_5) were grouped under a common branch; however, C_1 was isolated from group under a different cluster. For CG II, C_6 and C_8 shared a common branch and C_7, C_9, and C_10 were located under a different branch. However, all five members were placed under a common cluster. For EG I, all samples were perfectly grouped under a branch except C_11. Specimens belonging to EG II and EG III were perfectly grouped and shared a common branch. CG I and EG I created a meaningful group except one specimen. CG I, EG II, and EG III consist of perfectly grouped members, which shared a common cluster. This analysis provided the justification of grouping such that EGs were considered to be meaningful for further statistical investigations.

![The Euclidean distance graphic demonstrates the statistically distribution and cluster of the specimens in groups](AJNS-12-494-g004){#F4}

The average stiffness values of each specimen for each motion were calculated and shown in Figures [5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}. The error bars in this figure represented the standard deviation of the corresponding group.

![Average stiffness and standard deviation values of the each bending in groups](AJNS-12-494-g005){#F5}

![Average stiffness and standard deviation values of the compression test in groups](AJNS-12-494-g006){#F6}

As could be seen from the [Figure 5](#F5){ref-type="fig"}, both MPS and XPBS have much higher stiffness values compared to CGs, and therefore, they contribute stability significantly. The stiffest motion was the rotation unexceptionally for all groups, and right-left bending was the most flexible motions among groups. Compared to MPS, XPBS had a higher stiffness for left bending, flexion, and extension and lower stiffness for rotation and right bending. These were the most noticeable observations concluded from the [Figure 5](#F5){ref-type="fig"}. However, a more detailed analysis needed to be performed to comprehend more results from experimental data. Quantitative values were calculated based on average stiffness values. However, if the deviation from one group to another was not noticeably large, all the specimens needed to be taken into consideration in statistical analysis rather than using only average values. In the following part, comparison of groups would be given for each motion, individually.

For right bending, CG II had the lowest resistance with the value of 89 Nmm/° and EG II had the highest resistance with the value of 394.2 Nmm/°. CG I (114 Nmm/°) and EG II (117 Nmm/°) had approximately same resistance. EG III had more resistance (292 Nmm/°) than EG I, CG I, and CG II. For left bending, a similar ranking to the right bending could be observed except that EG III was more rigid than EG II, this time with the 3.5% difference. For flexion-extension, the ranking of groups was same as in left bending motion while the difference between EG II and EG III increased to 26%. CG I was almost twice as stiff as CG II and EG I while EG II was 10% more rigid than EG III for rotation.

The stiffness against rotation was the largest in all types of motions. The lowest resistance existed in left-right bendings. Flexion-extension motions took place after left-right bendings.

The average stiffness values of compression are plotted as in [Figure 6](#F6){ref-type="fig"}. The error bars in this figure indicated the standard deviation of the averages. As could be seen from the [Figure 6](#F6){ref-type="fig"}, the most rigid group in compression was EG III in which was 8.7% more rigid than EG II, but this difference was not meaningful statistically (*P* \> 0.05).

Important facts based on the results listed above could be summarized as follows. When CG I and CG II were compared, it could be clearly seen that laminectomy caused instability. CG II had stiffness of 89 Nmm/° in right bending, but CG I had stiffness of 114 Nmm/°. This means that the stability was decreased approximately 22% due to LBF.

CG I was more rigid than EG I in all motions (*P* \< 0.05). It could be seen that XBPS contributed to stability of the segments. For instance, in right bending, CG I had stiffness of 114 Nmm/° and EG III had stiffness of 292 Nmm/°. This indicated that XBPS system increased the stability approximately 156% for right bending. MPS increased the stiffness to 394 Nmm/° which means stability was increased approximately 245%.

Macroscopic examination revealed the gray-white colored fibrotic granulation tissue on the operation side of the lumbar segments. Axial and sagittal cutting of the lumbar segments showed a strong fibrotic tissue on the laminectomy and facetectomy surfaces. No infection and complication were observed.

In the microscopic examination of facetectomy and laminectomy sides, all specimens of EGs had proliferative connective tissue and new vessel formations. In EG I, no cartilaginous and bone tissue formation were seen microscopically \[[Figure 7](#F7){ref-type="fig"}\]. In EG II, cartilaginous tissue and reactive bone proliferation were observed on chondroblastic and osteoblastic areas of the proliferative connective tissue on the operation sides. Focally, endochondral bone proliferation was markedly seen \[[Figure 8](#F8){ref-type="fig"}\]. EG III had the same microscopic findings; however, cartilage and reactive bone proliferation were not as much as EG II \[[Figure 9](#F9){ref-type="fig"}\].

![Microscopic view from an experiment of experimental group I shows excessive connective tissue proliferation between the bone trabeculas (right arrows)](AJNS-12-494-g007){#F7}

![This view points out the connective tissue proliferation (right arrow), increased osteoblastic activity (left arrow) together with the bone transformation (up arrow) (endochondral ossification) in an experiment of experimental group II](AJNS-12-494-g008){#F8}

![In an experiment of experimental group III, microscopic view shows connective tissue proliferation (right arrow), increased osteoblastic and chondroblastic activity (left arrow), and bone transformation (up arrow)](AJNS-12-494-g009){#F9}

Discussion {#sec1-4}
==========

A numerous instrumentation system has been designed for spinal stabilization. Although these systems include the well-designed components such as screws, interconnecting rods, plates, and cross-links, the optimum rigidity of these systems has not been clearly mentioned till now.\[[@ref11]\] Hence, contribution of the XBPS system was planned in this study as *in vivo*.

TS provides stability and contributes the fusion between the segments. Although surgical exploration is a more reliable way to evaluate the fusion between the vertebral segments, this method is not suitable due to some drawbacks including surgical risk and trauma.\[[@ref1]\] Therefore, to evaluate and reveal the fusion rate, between the vertebral segments, a considerable amount of experimental studies were reported.\[[@ref4][@ref7][@ref8][@ref9][@ref10][@ref12][@ref13][@ref14]\] Here, biomechanical and histological results of the study show the contributing role of XBPS in lumbar segments of the dogs with TS for stabilization.

Screw bending or breaking in the pedicle induces many studies for the evaluation of the pedicle morphometry in humans.\[[@ref15]\] Transaction of the pedicle is elliptic, and wideness of pedicle in coronal plane is major, but minor in the sagittal plane.\[[@ref16]\] The reported compatible parameters of the transpedicular screwing include pedicle fullness (%), minor wideness of pedicle, pedicle length, and mediolateral angulation of the pedicle.\[[@ref12][@ref16]\] As a result of the previous study,\[[@ref10]\] same size metal and xenograft bone screws were used to provide the desired pedicular fullness.

In humans, for lumbar spinal fusion, the roentgen stereophotogrammetric analysis (RSA) has been determined as a good way to compare the *in vivo* behavior for different TS systems.\[[@ref1]\] RSA was unfeasible because of our clinic conditions. However, radio pact appearances on the facetectomy and laminectomy sites were evident and assessed as fusion formation at the end of 3^rd^ month in groups. Furthermore, xenograft bone screws in the pedicle and vertebral corpus appeared siluative because of the resorption.

Spinal plate-screw instrumentation has popularity between the surgeons due to its capacity to increase the fusion rates and stabilize the vertebral segments satisfactorily.\[[@ref11]\] It has been concluded in a study addressing to some clinical and experimental studies that plate-screw instrumentation increases the fusion formation between vertebral segments.\[[@ref17]\] Similarly, rigid spinal instrumentation enhances the spinal fusion rate and rise.\[[@ref18]\] According to our biomechanical test results, it was the most noticeable observations that XBPS system in EG III had the highest average stiffness values for all motions with the exception of right bending and rotation. EG III was 3.5% more rigid than MPS for left bending, 26% for flexion, and 18% for extension; however, these differences were not meaningful (*P* \> 0.05).

According to Ito *et al*.,\[[@ref18]\] type of the spinal instrument is not important to obtain much more fusion formation between segments. They conclude the same fusion formation results both stabilized and unstabilized vertebral segments. Of all groups in the study, histopathological results showed that MPS stabilization in EG II had superiority in terms of fusion formation. No cartilaginous and bone tissue formation in EG I (unstabilized segments) were detected. Proliferative connective and cartilaginous tissue, endochondral bone proliferation, and new vessel formations were observed both in EG II and EG III.

Because bone graft usage is the most applicable technique to enhance the spinal fusion,\[[@ref17]\] comparing the EG I histologic results, it can be concluded that EG III (XBPS system) contributes the fusion formation.
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